Abstract: Oxidative stress causes damage to proteins, lipids and nucleic acids, and thereby compromises cell viability. Some of the oxidative stress markers in an eukaryotic model organism, fission yeast Schizosaccharomyces pombe, were evaluated in this study. Intracellular oxidation, protein carbonyls, lipid peroxidation and reduced glutathione (GSH) levels were investigated in H2O2-treated and non-treated control cells. It was observed that increased H2O2 concentration proportionally lowered the cell number and increased the intracellular oxidation, lipid peroxidation and protein carbonyl levels in S. pombe. A dose-dependent decrease in GSH level was also detected. The fission yeast S. pombe is best known for its contribution to understanding of eukaryotic cell cycle control. S. pombe displays a different physiology from Saccharomyces cerevisiae in several ways and is thus probably more closely related to higher eukaryotes. The purpose of this study was to provide some data about the effects of hydrogen peroxide on the proteins and lipids in the fission yeast. The data obtained here is expected to constitute a basis for the further studies on redox balance and related processes in yeast and mammalian cells.
Introduction
In all aerobic organisms molecular oxygen can enter into some side reactions, which release dangerous reactive oxygen species (ROS) or reactive oxygen intermediates (Halliwell & Gutteridge 1998) . During the reduction of molecular oxygen to water through acceptance of four electrons, superoxide radical (O − 2 ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (HO) are generated. O − 2 is generated by side reactions of some oxidases (e.g. xanthine oxidase) of photosynthesis complex I, of electron carriers in the respiratory chain (mainly ubiquinone), or by transfer from semiquinone intermediates (e.g. during monooxygenase reactions in the ER) and it acts not only as a reductant, but also sometimes as an oxidant (e.g. on sulphite). Superoxide dismutase converts it into the likewise toxic H 2 O 2 that is also a reaction product of various oxidases (e.g. in peroxisomes, and in the ER). H 2 O 2 toxicity may be partly caused by direct inactivation of enzymes and (mostly reversible) of haemoproteins. This toxic compound can also give rise to the very deleterious HO radical by reaction with semiquinones. HO is the most reactive, short-lived and unspecific ROS. It reacts with nearly all biomolecules and may thereby start the radical chain reactions. On the other hand, some other factors (radiation, high temperature, osmotic and ionic stress, injury, infection, mutation, etc.) and some extracellular substances that enter the cell can also cause ROS formation. These active oxygen species attack almost all cell components especially DNA, proteins and lipid membranes. They cause enzyme inactivation by protein oxidation (mainly formation of protein carbonyls), membrane damage by lipid peroxidation, and DNA fragmentation (Lee et al. 1999) . The primary cellular target of oxidative stress can vary depending on the cell type, the absolute level and duration of oxidant production/exposure, the species of ROS generated, its site of generation (intra-vs. extracellular), and the proximity of the oxidant to a specific cellular substrate.
The effect of active oxygen species on membrane structure and function is a considerably studied subject. Hydroxyl radical is known to be the most causative of lipid peroxidation. Proteins are also one of the major targets for ROS and secondary by-products of oxidative stress when these are formed in vivo either in intraor extra-cellular environments, as they are the major component of most biological systems and can scavenge 50-75% of reactive radicals such as OH (Davies et al. 1999) . Some ROS-induced protein modifications can result in unfolding or alteration of protein structure, and some are essentially harmless events (Cabiscol & Ros M. Pekmez et al. 2006 ). Irreversible protein modifications can lead to inactivation of various proteins and could have lasting detrimental cellular effects. Protein carbonylation is an irreversible, non-enzymatic modification of protein and is the most widely used biomarker for oxidative stress as it reflects cellular damage induced by multiple forms of ROS.
Cells, on the other hand, have some defence mechanisms including several antioxidative enzymes such as superoxide dismutase, catalase, several peroxidases, and antioxidant molecules such as ascorbate, tocopherol, uric acid, β-carotene and glutathione (GSH) against ROS. The tripeptide GSH (γ-Glu-Cys-Gly) is synthesized by specific enzymes and is intracellularly present in high concentrations. In living tissues, GSH has a very important role, for example, in transport, bioreductive reactions, sulphur metabolism, protection against harmful oxidative species and detoxification of xenobiotics (Penninckx 2000) . GSH shows many detoxifying and cytoprotective effects by reducing of ribonucleotides (e.g. in some bacteria) and by importing the amino acids by the γ-glutamyl cycle. The oxidized form of glutathione resulting from these reactions is reduced again in a NADPH-dependent reaction by glutathione reductase (Halliwell & Gutteridge 1998) .
As the ROS are known to be one of the main cause of degenerative diseases such as cancer in human (DalleDonne et al. 2006) , studies on the elucidation of oxidative stress mechanisms rapidly increased in recent years, especially using model organisms. The fission yeast Schizosaccharomyces pombe is the best known for its contribution to our understanding of eukaryotic cell cycle control. S. pombe displays a different physiology from Saccharomyces cerevisiae in several ways and is probably more closely related to higher eukaryotes (Nasim et al. 1989 ). In our study we aimed to investigate some oxidative stress parameters in S. pombe.
Material and methods

Chemicals
Yeast extract, glucose, hydrogen peroxide, Tris, EDTA, 2,7-dichlorofluorescein diacetate (DCFH-DA), trichloroacetic acid, thiobarbituric acid, malondialdehyde (MDA) bisdimethyl acetal and 2-nitrobenzoic acid were purchased from Sigma. The Western blot detection kit was obtained from Amersham and Oxyblot kit from Chemicon.
Yeast strain and culture media
The fission yeast Schizosaccharomyces pombe Lindner strain liquefaciens (972 h − ) was obtained from the culture collection of the Department of Molecular Biology and Genetics, University of Istanbul. Cells were cultured in YEL medium (0.5% yeast extract, 3% glucose) at 30
• C with reciprocal shaking. Viability test after H2O2 treatments were performed in YEA medium (3% glucose, 2% agar, 0.5% yeast extract).
Cell growth and H2O2treatment
Cells were stressed with H2O2 treatment in the mid logarithmic phase. For this purpose, an overnight culture in YEL medium was prepared, when the cell number reached to ∼2×10 7 cell/mL (approximately, 12 th h from the beginning of the cultivation). Cells were harvested from a volume of 10 mL of cell suspension. Test groups containing 0.2 mM, 1.0 mM or 2.0 mM H2O2 and the control group without H2O2 were resuspended in 10 mL of YEL medium with the cell number of 10 7 cells/mL and incubated at a 30
• C in a rotary shaker at 180 rpm for 1 h. To calculate the cell viability, appropriate dilutions of the cultures were spotted on plates with solid YEA medium; these were incubated at 30
• C and after 3 days photograph of cell spots was taken.
Intracellular oxidation level
Intracellular oxidation level was measured by the method of intracellular deacylation and oxidation of DCFH-DA to the fluorescent compound 2,7-dichlorofluorescin (Okai et al. 2000) . This compound is highly reactive with hydrogen peroxide. Cells in 10 mL of an overnight culture were harvested and resuspended in a 10 mL volume of fresh medium. The cells were incubated with DCFH-DA in a final molarity of 40 µM at 30
• C for 60 min. After the treatment with H2O2 in various concentrations for 1 h, cells were harvested and washed with deionized water, resuspended with 400 µL of phosphate buffered saline. Fluorescent intensity of cell suspension was measured in a spectrofluorimeter (Shimadzu, RF-1501) , at the excitation and emission wavelengths 480 and 530 nm, respectively.
Lipid peroxidation
The method, which detects the thiobarbituric acid reactive substances (TBARS) in the assay mixture, was used for measuring the lipid peroxidation (Aust 1994) . After the treatment of a 10 mL volume of overnight culture with various concentrations of H2O2 for 3 h, 0.5 mL of each aliquot was removed and added to 1 mL of thiobarbituric acid reagent [0.25 M HCl; 15% (w/v) trichloroacetic acid and 0.375% (w/v) thiobarbituric acid]. Samples were incubated in a boiling water bath for 15 min and cooled at room temperature, and centrifuged at 1000×g for 5 min. Absorbance of the supernatant was measured at 535 nm against a blank solution containing 0.5 mL of distilled water instead of sample. TBARS content was calculated from a standard graph prepared with MDA bis-dimethyl acetal and the results were expressed as µg MDA/10 6 cells.
Immunodetection of protein oxidation
We used an OxyBlot kit (Chemicon) to immunodetect these carbonyl groups in oxidatively modified proteins as described by the manufacturer. Briefly, DNPH derivatization was carried out at room temperature for 15 min on 15 µg of protein. They were then separated on 10% SDS/PAGE and transferred to nitrocellulose membranes (Waterbog 2002); and Red Ponceau was used to check protein load after transfer. The membranes were probed with first antibody, specific to the DNP moiety of the proteins. The next step was incubation with horseradish peroxidase-antibody conjugate directed against the primary antibody. Immunoblots were visualized using ECL-Plus WesternBlotting Detection system supplied by Amersham, with exposure times between 30 s and 2 min.
GSH level
Reduced GSH level was measured according to the method of Beutler (1975) . The basis of the GSH determination method is the reaction of Ellman's reagent 5,5-dithiobis (2-nitrobenzoic acid) with thiol group of GSH at pH 8.0 to give yellow complex of 5-thiol-2-nitrobenzoate anion. The absorbance of the complex is measured at 412 nm. Reduced GSH level was expressed as µg GSH/mg protein.
Results
Exponentially growing cultures of S. pombe were challenged with hydrogen peroxide for 60 min. They were subsequently analyzed for cell viability, intracellular oxidation, reduced GSH, lipid peroxidation and protein oxidative damage.
Sensivity test
After 1 h treatment with H 2 O 2 (0.2 mM, 1.0 mM and 2.0 mM), each culture was removed from the assay mixture, washed twice with distilled water and diluted to 10 2 cells/in a 10 µL suspension. Photograph of cell spots next to each other occurred on YEA medium at the end of the incubation period at 30
• C (three days) is shown in Figure 1 .
According to this data, growth rate was inhibited by increasing H 2 O 2 in the growth medium and the most poorly grown cells were those treated with 2.0 mM H 2 O 2 . Colonies were counted by serial dilutions as well (data not shown) and it was observed that 2.0 mM H 2 O 2 inhibited the cell growth by 58%.
Intracellular oxidation
The fluorescent probe DCFH-DA was used to determine the levels of ROS generated during oxidative stress. DCFH-DA is rapidly taken up by cells. Once inside the cell, the diacetate residues are removed by esterases, liberating DCFH, which accumulates intracellularly as a consequence of its low membrane permeability (Bass et al. 1983) . DCFH reacts predominantly with highly oxidizing species of ROS such as hydroxyl radicals and peroxynitrite.
After exposure of S. pombe cells to various concentrations of H 2 O 2 (Table 1) , the mean value of DCFH fluorescence in samples treated with 1.0 and 2.0 mM H 2 O 2 was significantly increased whereas the sample treated with 0.2 mM H 2 O 2 showed slight decrease with respect to the control group. H 2 O 2 in concentration 1.0 mM increased DCFH fluorescence by 1.7-fold and 2.0 mM H 2 O 2 increased it by 2.4-fold compared to untreated control.
These results indicate that intracellular oxidation levels were gradually increased depending on H 2 O 2 concentration. 
Lipid peroxidation
The lipid peroxidation index was determined on the basis of MDA levels (Table 1) . After treatment of S. pombe cells with various concentrations of H 2 O 2 , lipid peroxidation index of control group and the cells treated with 0.2 mM H 2 O 2 were almost similar, but the samples treated with 1.0 and 2.0 mM H 2 O 2 exhibited higher MDA levels than control and the sample treated with 0.2 mM H 2 O 2 .
Immunodetection of protein-bound carbonyl groups Protein damages resulting from exposure to various H 2 O 2 concentrations are shown in Figure 2 . Although the protein carbonyls do not increase in a dose dependent manner, all the H 2 O 2 concentrations used caused detectable increases in the level of protein carbonyls compared to untreated control. The level of protein car-bonyls in samples treated with 1.0 mM H 2 O 2 was significantly augmented whereas the sample treated with 0.2 and 2 mM H 2 O 2 was found to be less affected than that treated by 1.0 mM H 2 O 2 .
Reduced GSH level
Reduced GSH levels were detected spectrophotometrically and the results were expressed as µg GSH/mg protein (Table 1) . GSH level decreased in a dosedependent manner. The increased H 2 O 2 concentrations lowered the reduced GSH levels, 2.0 mM H 2 O 2 treatment showed the maximum decrease in GSH level with a value of 50% with respect to the control group.
Discussion
All living cells are exposed to various environmental stresses. Treatment with oxidative stress causes a variation in the activities of various enzymes and antioxidant molecules. H 2 O 2 is a ubiquitous molecule formed as a product of various oxidases and by auto-oxidation of haemoproteins and flavoproteins (Grant et al. 1996) , so that it must be detoxified in the cell since it can be converted to the highly reactive hydroxyl radical by the Fenton and Haber-Weiss reactions (Halliwell & Gutteridge 1998) . Detoxification of H 2 O 2 is mediated by catalases, which convert H 2 O 2 to O 2 and H 2 O and by glutathione peroxidases which use GSH as a reductant for the breakdown of peroxides.
In this study we investigated the variations in the intracellular oxidation and lipid peroxidation level, protein carbonyls, reduced GSH level in the S. pombe cells after the treatment with H 2 O 2 .
Intracellular oxidation level of S. pombe cells treated with H 2 O 2 , except 0.2 mM, showed a dosedependent increase compared to the control. The sample treated with 1.0 mM H 2 O 2 increased the intracellular oxidation level by approximately 1.7-fold, whereas 2.0 mM H 2 O 2 by approximately 2.5-fold.
We used DCFH, a fluorescent dye, to detect intracellular oxidation level. This compound is widely used in studies of cellular oxidant generation and oxidative stress. The results obtained from this study can be accepted as a reliable data since H 2 O 2 and other peroxides are the most suitable oxidants involved in the oxidation of DCFH (Wang et al. 1996) .
Lipid peroxidation was evaluated as TBARS production. TBARS assay detects primarily products arising from the decomposition of lipid hydroperoxides which are generated by hydroxyl radicals formed from H 2 O 2 by Fenton and Haber-Weiss reactions.
We did not notice a change in the MDA level after the treatment with 0.2 mM H 2 O 2 since the level of TBARS was the same (0.51 µg MDA/mg protein) as the control group. However, a basic level of TBARS of 0.67 ± 0.09 and 0.78 ± 0.01 µg MDA/mg protein was found for the 1.0 and 2.0 mM H 2 O 2 treatments, respectively. It is well known that GSH is a scavenger of HO and O (Izawa et al. 1995) . Besides, glutathione can reactivate disulphide bonds (-SS-) of some proteins to generate sulphydryl (-SH) groups, which may be involved in essential sites of such proteins. During conditions of oxidative stress, GSH levels may alter as a result of four main processes: (i) oxidation to disulphide form (GSSG) which can be recycled back to GSH by the action of GSH reductase; (ii) formation of mixed disulphides with proteins (GSSP = protein-bound GSH); (iii) active pumping of GSH from the cell following conjugation reactions catalysed by GSH transferases; and (iv) degradation of GSH initiated by the action of γ-glutamyl transpeptidase (Grant et al. 1998 ). In our study, 0.2, 1.0 and 2.0 mM H 2 O 2 treatments lowered the level of reduced GSH by 27.5, 29.6 and 51.3%, respectively.
Results of the protein oxidation assay showed that exogenous addition of H 2 O 2 enhanced protein damage in most of the soluble proteins and the major targets were proteins with 24 kDa. It was reported that the main protein targets in S. cerevisiae cells treated with H 2 O 2 or menadione were pyruvate decarboxylase, enolase, fatty acid synthase (α-subunit), and glyceraldehyde-3-phosphate dehydrogenase (Cabiscol et al. 2000) . Costa et al. (2002) reported that H 2 O 2 induces a specific protein oxidation in yeast cells, using two-dimensional gel electrophoresis, western blotting and MALDI-mass spectrometry and the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase was the major target along with Cu,Zn-superoxide dismutase and phosphoglycerate mutase.
Protein carbonyls were increased in a dose-dependent manner. This may reflect an increase in the proteolytic activity on oxidatively modified proteins, since accumulation of oxidized proteins is harmful to cells. The study of Inai et al. (2002) revealed that 20 S proteasome is responsible for degradation of oxidized and aberrant proteins.
The fission yeast Schizosaccharomyces pombe is best known for its contribution to understanding of eukaryotic cell cycle control. S. pombe displays a different physiology from S. cerevisiae in several ways that is probably closer to higher eukaryotes (Yanagida 2002) . This study suggests that S. pombe is a good model organism for studying intracellular oxidation and oxidative stress markers in eukaryotic cells.
